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21 Abstract 

22 The Badejo and Linguado oil fields are hosted within non-conventional 

23 volcanic reservoirs which produced commercial hydrocarbons from the Lower 

24 Cretaceous Cabiúnas Formation, Campos Basin, offshore Brazil. Despite over 

25 30 years of production, limited characterization of the nature and reservoir 

26 properties of the volcanic reservoirs have been presented to date. A 

Electronic copy available at: https://ssrn.com/abstract=4059018

mailto:gmarins@petrobras.com.br


2

27 comprehensive reappraisal of the Cabiúnas Formation volcanic reservoirs is 

28 presented in this study incorporating extensive existing and new data including 

29 core descriptions, laboratory petrophysical analyses, petrography, QEMSCAN, 

30 SEM, wireline, and microtomography results from five cored intervals of wells 

31 spanning the main reservoirs of the Badejo and Linguado fields. Volcanic facies 

32 analyses of the sequences reveal a predominance of subaerial effusive basic 

33 composition volcanic rocks interbedded with sediment and in several cases 

34 comprising peperites revealing intricate lava-sediment interaction products. Four 

35 volcano-sedimentary units are identified, showing alternations between low 

36 (compound pahoehoe lava dominated Units 1 and 3) and high (tabular rubbly 

37 pahoehoe lava dominated Units 2 and 4) effusion rates. Paleoenvironmental 

38 conditions also varied between units with extensive oxidation present in Unit 1 

39 inferred to relate to extended periods of subaerial exposure and weathering in an 

40 arid environment. Overlying Units 2-4 reveal an increase in humidity evidenced 

41 by an increase in the presence of well sorted fine-grained sediment interlayers, 

42 peperites, and non-marine ostracods. Both original facies and alteration reveal 

43 key controls on reservoir properties. Extensive weathering and alteration of Unit 

44 1 caused pervasive filling of original porosity (vesicles and fractures) and resulted 

45 in reservoir degradation. Lesser weathering of overlying Units 2, 3 and 4, resulted 

46 in improved reservoir properties which can be clearly linked to volcanic intra-

47 facies including vesiculated and autobrecciated lava flow tops which commonly 

48 reveal extensive oil staining. This study reveals the intricate interplay between 

49 primary volcanic facies and subsequent alteration history in dictating volcanic 

50 reservoir properties in a successful offshore oil field development.

51
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54 1. Introduction

55 During the breakup of western Gondwana, in the Early Cretaceous, 

56 important magmatic events punctuate the geological history of sedimentary 

57 basins along the South Atlantic Margins (e.g. Gladczenko et al., 1997; Torsvik et 

58 al., 2009). The associated volcanic deposits are considered to be the economic 

59 basement of most of the basins in the SE Brazilian continental margin (Mizusaki 

60 et al., 1992) and are formed by sequences of volcanics (flood basalts, silicic flows, 

61 intrusive centers) associated with the Paraná-Etendeka large igneous province 

62 (LIP), covering large areas of South America and along the Southern Africa 

63 margin (e.g. Milner et al., 1995; Peate, 1997; Jerram et al., 1999a). The province 

64 also extends into the offshore settings along both conjugate margins (Bueno et 

65 al., 2007; França et al., 2007; Moreira et al., 2007; Winter et al., 2007). In the 

66 Campos Basin, offshore Brazil, Valanginian-Hauterivian depositional sequences 

67 formed by the intercalation of flood basalts and sedimentary rocks, the Cabiúnas 

68 Formation (Winter et al., 2007), host important occurrences of hydrocarbons 

69 including the Badejo, Pampo, Linguado and Trilha oil fields (Fig. 1a/b; Mizusaki 

70 et al., 1988), which have produced oil for over 30 years. Thus the assumption of 

71 the Cretaceous volcanics as representing the economic basin, in challenged by 

72 this example.

73 In order to better evaluate the potential for the Cretaceous volcanics and 

74 associated sediments as targets for reservoirs, their rock properties and 

75 distributions need to be characterised, and the relationship of the key volcanic 

76 reservoir facies constrained. Understanding reservoir heterogeneity and lateral 

77 facies distribution still represents a frontier for exploration within and around 
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78 volcanic areas and within volcanic rocks (e.g. Jiang et al., 2017; Millett et al., 

79 2021). Thus, this contribution provides a comprehensive revaluation and detailed 

80 description of volcano-sedimentary sequences within reservoir intervals of the 

81 Badejo and Linguado oil Fields in Campos Basin, offshore Brazil. Extensive 

82 subsurface information including wells with cored intervals along with knowledge 

83 of the fields (e.g., petroleum system, stratigraphy; Fig. 1c) is used to evaluate the 

84 volcanic reservoir intervals. Integrated analyses are presented incorporating 

85 petrography and facies characterization of whole core, wireline, and laboratory 

86 petrophysical data from cored sections of five wells. This study provides important 

87 new insights into the nature, reservoir properties, and associated production 

88 history of lava flow hosted volcanic reservoirs. Such results and improved 

89 understanding can aid in the identification of reservoir intervals within similar 

90 volcanic sequences within the Paraná-Etendeka and the characterisation of 

91 similar sequences worldwide.

92

93 FIGURE 1 

94

95 2. Geological Setting 

96 The passive margin of SE Brazil was formed during progressive unzipping 

97 of the South Atlantic Ocean from south to north between c. 135 – 100 Ma (Torsvik 

98 et al., 2009; Moulin et al., 2010; Stica et al., 2014; Koopmann et al., 2016; Jerram 

99 et al., 2019). The margin can be divided into a magma-rich sector between the 

100 Agulhas - Falkland and Rio Grande–Walvis Fracture zones, that is characterized 

101 by excess magmatism in the form of seaward dipping reflectors (SDRs), igneous 

102 accretion to the lower crust (Gladczenko et al., 1997; Mohriak et al., 2002; Stica 

103 et al., 2014; McDermott et al., 2018), and thick successions of flood volcanics of 

Electronic copy available at: https://ssrn.com/abstract=4059018



5

104 the Paraná-Etendeka Province (Peate, 1997; Jerram et al., 1999a). To the north 

105 of the Rio Grande–Walvis fracture zone (Santos, Campos, Espírito Santo, and 

106 Namibia basins) the continental margin is wider and regarded as ‘magma-poor’ 

107 with the following features: absence of magmatic bodies in the lower crust; 

108 restricted and small volumes of SDRs; exhumed mantle in the continent ocean 

109 transition; thick layers of evaporites (Mohriak et al., 2002; Torsvik et al., 2009; 

110 Kukla et al., 2018), and volcanics associated with carbonate and transitional 

111 sedimentary systems (Jerram et al., 2019).

112 The igneous products preserved in offshore areas along with the main 

113 Paraná-Etendeka LIP in onshore South America and Western Africa are 

114 collectively grouped in the South Atlantic Igneous Province and have estimated 

115 volume of over 2.35 x 106 km³ (Gladczenko et al., 1997).

116 In the onshore Paraná-Etendeka LIP, magmatism was formed between 

117 135 and 132 Ma (Renne et al., 1992; Jerram & Widdowson 2005; Janasi et al., 

118 2011; Dodd et al., 2015; Baksi, 2018; Gomes and Vasconcelos, 2021) with a 

119 marked peak at 134.5 Ma (Gomes and Vasconcelos, 2021). The province is 

120 dominantly formed by subaerially emplaced flood basalts and evolved silicic units 

121 (Piccirillo and Melfi, 1988; Milner et al., 1995; Peate, 1997; Jerram et al., 1999a). 

122 Detailed description of the volcanic stratigraphy has identified two dominant end-

123 member facies for onshore basaltic lava flows in Brazil and Namibia (e.g. Jerram 

124 et al., 1999a&b; Waichel et al., 2012; Rossetti et al., 2018): (1) compound braided 

125 facies, formed by thin vesicular lava lobes, and (2) tabular facies, characterized 

126 by thick and lateral extensive lavas with well-developed lava core and crust 

127 (vesicular/fragmented). Other basaltic related lava flow facies types and 

128 associations, such as thick ponded lava flows, invasive lava flows, peperites and 

129 occasional pillowed sequences that are generally found in more localised settings 
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130 (e.g. Jerram et al., 1999a; Jerram & Stolhofen 2002; Petry et al., 2007; Waichel 

131 et al., 2008; Rossetti et al., 2018; Famelli et al., 2021) The upper sections within 

132 the Paraná-Etendeka LIP contain extensive deposits of evolved silicic effusive 

133 and pyroclastic deposits forming important correlative components of the wider 

134 province (e.g. Milner et al., 1995).

135 In the lower stratigraphic intervals of the Paraná-Etendeka LIP, sediment 

136 lava interbeds are commonly found (e.g. Jerram et al., 1999a&b; Scherer, 2002). 

137 They can range from extensive sand bodies to more isolated units and were 

138 formed in a predominantly arid desert environment the covered large areas of this 

139 part of Gondwana in the lower Cretaceous. The early Paraná-Etendeka volcanics 

140 started to cover this desert setting resulting in the interbedding of predominantly 

141 aeolian sediments (Botucatu Formation) with the volcanic units as the desert 

142 setting was buried by the flood basalts (Mountney et al., 1998 & 1999; Jerram et 

143 al., 2000; Scherer 2000 and 2002; Rossetti et al., 2019). Within this continental 

144 desert environment localised semi-arid areas including interdune, fluvial and 

145 lacustrine settings were also present.

146 The magmatic events that are correlated with the Paraná-Etendeka in 

147 Santos and Campos basins are grouped in the Camboriú and Cabiúnas 

148 formations, respectively (Moreira et al., 2007; Winter et al., 2007). Magmatic 

149 activity occurred between 138 – 111 Ma, with most rocks being emplaced at c. 

150 134-122 Ma (40K/39Ar - Fodor et al., 1983; Mizusaki et al., 1992), and younger 

151 magmatic events, at 117-112 Ma, 80 Ma, 65 Ma, 55 Ma, 45 Ma, are also reported 

152 from the Campos and Santos Basin (Moreira et al., 2007; Winter et al., 2007).

153 The Cabiúnas Formation (Fig. 2) have been previously described as 

154 sequences of basaltic lava flows intercalated with volcaniclastic and siliciclastic 

155 sediments (Mizusaki et al., 1988; 1992). The upper portion of these volcano-
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156 sedimentary sequences have been sampled at depths typically of c. 2.8 – 3.2 km 

157 by exploration wells. Igneous rocks are basaltic in composition and are chemically 

158 similar to low-Ti lavas of the Paraná-Etendeka (Fodor, 1987; Mizusaki et al., 

159 1992). Marzoli et al. (1999) recognized similar volcanic sequences in Kwanza 

160 basin, Western Angola, and have suggested that Kwanza and Campos basalts 

161 formed a belt of low-Ti flood basalts in the Eastern margins of the Paraná-

162 Etendeka LIP.

163 A good correlation of volcanic facies, morphologies and distribution is 

164 expected for Cabiúnas Formation based on onshore outcrop analogues (e.g. 

165 Rossetti et al., 2019), although the distinct sectors of the province were subjected 

166 to different post emplacement tectonic and burial evolution histories (Mizusaki et 

167 al., 1992).

168 The Badejo and Linguado field area now represents a structural high 

169 formed by normal faults during rifting, with block displacements of c. 140 - 200 m, 

170 that juxtaposed the source rock bearing Lagoa Feia Formation, and the reservoirs 

171 of Cabiúnas Formation (Fig. 1c) allowing for lateral oil migration (Mizusaki, 1986; 

172 Dias et al., 1988 and 1990).

173

174 FIGURE 2

175

176 3. Methods

177 This study is based on the characterization of reservoir intervals from five 

178 wells (3-BD-13-RJS, 7-BD-11A-RJS, 3-BD-15C-RJS, 3-LI-04-RJS, and 7-LI-03-

179 RJS) within the Badejo and Linguado oil fields of Campos Basin, offshore Brazil 

180 (Table 1; Fig. 3). The dataset presented here integrates the geological description 
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181 of whole core intervals (a total of 171 m) and wireline logs, with the petrographic 

182 and petrophysical characterization of the distinct lithologies.

183

184 TABLE 1

185

186 3.1. Whole core facies observations

187

188 The 7-BD-11A-RJS well, with approximately 89 m recovered whole core, 

189 represents the most complete and representative interval followed by wells 3-BD-

190 13-RJS, 3-LI-04-RJS, with 31 and 24 m, respectively, and wells 3-BD-15C-RJS 

191 and 7-LI-03-RJS, both with 8 m of recovered whole core samples (Table 1). 

192 Graphic facies logs were compiled for each cored section typically at a logging 

193 scale of 1:100 (Fig. 3). Facies were defined based on macroscopic characteristics 

194 of rock intervals including mineralogy, textures, structures, and vesicle patterns. 

195 Selected key intra-facies features are described in Table 2 and were used in order 

196 to classify the cored volcano-sedimentary sequences into five broad facies (Fig. 

197 3/ Appendix A), (McPhie et al., 1993; Self et al., 1998; Le Maitre et al., 2002).

198

199 FIGURE 3 

200

201 TABLE 2

202

203 3.2.  Petrography and mineralogical characterization 

204 Petrographic study of three hundred and sixty samples were undertaken 

205 in order to characterize mineralogy and textures and to help with rock 

206 classification (Appendix B). Additionally, in order to investigate porosity infilling 
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207 secondary mineralizing phases, selected samples were analyzed by automated 

208 mineralogical distribution mapping using QEMSCAN 650/FEI. This equipment 

209 uses two EDS (Energy Dispersive Spectrometry)/Bruker coupled detectors, 

210 operating in high-vacuum at 15 kV (working voltage), with a resolution of 10 μm 

211 (pixel size).

212

213 3.3. Wireline data

214 Borehole wireline log data of the 7-BD-11A-RJS were analyzed in order to 

215 define and calibrate the correlation of core-defined facies with rock properties. A 

216 standard suite of legacy wireline logging data was available for this well including 

217 spectral gamma-ray, resistivity, density, neutron porosity, and sonic log data 

218 which was interpreted within the Interactive Petrophysics™ software.

219

220 3.4. Petrophysics analysis

221 The petrophysical characteristics of the different facies identified in this 

222 work, and their respective intra-facies variations, were investigated from core 

223 plugs cut from the whole core along with non-destructive mini-permeameter 

224 measurements made on the half-cut core surface in order to determine the 

225 porosity and permeability of the volcano-sedimentary deposits. A total of three 

226 hundred and thirteen core plugs, with a diameter of c. 1.5 inches (c. 3.81 cm) and 

227 lengths of up to 2 inches (c. 5.08 cm), were collected from the whole cores using 

228 a diamond-impregnated core bit.

229 The plugs were collected in integral zones of whole core and part of these 

230 (236) were selected for conventional petrophysical analysis (density, porosity, 

231 and permeability) along with measurements of P- and S- wave velocities (Vp and 

232 Vs), following the methodology described by the American Petroleum Institute 
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233 (1998) and McPhee et al. (2015). In order to visualize the permeability pattern 

234 within different facies of the 7-BD-11A-RJS well and define pore distributions, a 

235 subset of core plugs (10), were selected for microtomography analyses following 

236 the API RP 40:1998 standard protocol.

237 In situ permeability measurements were collected along the entire 89 m 

238 length of the 7-BD-11A-RJS well at a spacing of c. 5 cm. Measurements were 

239 taken with a minipermeameter (model Weatherford SSPK-1000). After seating 

240 the probe and sealing the system with a rubber ring, a laminar gas flow (N₂) is 

241 exerted on the rock. Then, from the voltage reading on the equipment's 

242 transducers, measurements of pressure, flow, and temperature of the rock are 

243 obtained which are used to estimate permeability following standard laboratory 

244 calibration procedures.

245

246 4. Results

247 4.1. Lithostratigraphy of Cabiúnas Formation from Whole Core Analysis

248 Two dominant volcanic facies were identified in the studied wells including 

249 compound pahoehoe and tabular rubbly pahoehoe. The sampled intervals of 3-

250 BD-13-RJS, 3-BD-15C-RJS, and 3-LI-03-RJS wells reveal only compound 

251 pahoehoe lava flow deposits, with some differences in vesicle filling, 

252 microfractures, and alteration between them. In contrast the whole cores of the 

253 3-LI-04-RJS and 7-BD-11A-RJS wells reveal a mixture of rubbly pahoehoe flows 

254 and compound pahoehoe flows. 

255 The cored sequence of 7-BD-11A-RJS comprises the thickest volcanic 

256 sequence of the available whole cores and has informally been divided into four 

257 units based on volcanic facies characteristics (Fig. 4) and will be described in turn 

258 below.
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259 Unit 1

260 Unit 1 comprises the basal c. 16 m of the 7-BD-11A-RJS well and is 

261 characterized by basaltic composition fine-grained plagioclase-phyric compound 

262 pahoehoe lava flows with thin interlayered volcanic-bearing sedimentary 

263 interbeds with locally developed dynamic lava-sediment interaction zones 

264 (peperite). Lava lobe thickness varies from a few 10’s of centimetres up to 4 m 

265 and the lobes are commonly highly vesicular (vesicles typically 2-5 mm diameter) 

266 often with amygdale fills and with vesicle abundance increasing (30-50% 

267 concentration) towards the top and the base of the lava lobes (Fig. 5a). 

268 Lava flow cores are typically massive and poorly vesicular, commonly with 

269 less than 5% of amygdales. Original vesicular pore space is typically filled by 

270 chlorite, magnesian smectite, chlorite/smectite, quartz, and calcite, in this order 

271 (Fig. 5a/b). Microscopic fractures (< 1 mm thick), locally filled by clay minerals, 

272 connect amygdales whereas most of the macroscopic fractures (average 2-4 mm 

273 thick) are filled by fine-grained well sorted reddened sediment (Fig. 4b) and 

274 sometimes show evidence of mingling with the lava (Fig. 5e). Fractures cutting 

275 through the basalt are also filled by calcite in several instances.

276

277 FIGURE 4 

278

279 Volcaniclastic sediments (sandstones and breccias) are observed 

280 between the lava packages of Unit 1 and include occurrences of peperite where 

281 the lava has interacted dynamically with these sediments. Sandstones are also 

282 observed filling fractures at the lava flows margins either as downward infiltration 

283 or upwards dynamic injection features (Fig. 4a/b). Both the lava flows and the 

284 sediments have a pronounced reddish characteristic, which is not present in the 
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285 upper intervals of the core. A reddish, well-sorted, sandstone, marks the last 

286 expression of the basal Unit 1. 

287

288 FIGURE 5 

289

290 FIGURE 6

291

292 Unit 2

293 The Unit 1 sequence is in turn covered by a c. 30 m thick rubbly pahoehoe 

294 lava flow of Unit 2. The base of the flow unit reveals a c. 1.5 m thick interval of 

295 mingled fluidal lava which mixed dynamically with the underlying sediment to form 

296 peperite (Fig. 3/4c). The inflated core of the rubbly flow is massive, with regular 

297 joints filled with calcite and in places oil (Fig. 4d), also with oriented small 

298 amygdales. Irregular fragments of ingested flow top rubble, normally 

299 amygdaloidal, are present in the flow core and increase in abundance towards 

300 the flow top (Fig. 5f). The upper part of this lava consists of a basaltic autobreccia 

301 with sub-rounded to angular vesiculated basalt fragments (Fig. 5g/e) with 

302 common oil staining (Fig. 4e). 

303 Petrographically, the lava is characterized by fine-grained aphyric to 

304 plagioclase-phyric basalt with a microcrystalline groundmass texture. The few 

305 vesicles of the lava flow core, and the ingested basaltic fragments, are in general 

306 smaller than 2 mm in diameter and filled with calcite. The basalt fragments of the 

307 autobrecciated flow top possess both vesicular and inter-clast porosity (Fig. 

308 5g/6f), which are partially filled by secondary minerals commonly in the following 

309 order: quartz, chlorite, magnesian smectite, chlorite/smectite, and calcite. 

310 Geopetal textures are present in some vesiculated basalt fragments and indicate 
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311 that fine grained quartz sediment filled the pores by infiltration prior to the 

312 secondary mineral filling phases. Inter-clast sediments become increasingly 

313 abundant towards the top of the Unit 2 rubbly lava flow and are accompanied by 

314 evidence for local reworking of the lava flow top rubble leading to matrix 

315 supported textures and an increase in volcanic clast diversity.

316 The transition from the rubbly pahoehoe lava in Unit 2 into the overlying 

317 volcano-sedimentary sequence of Unit 3 is not clearly defined and is instead 

318 marked by the gradual transition from in-situ rubbly flow top through to reworked 

319 volcanic breccia. 

320

321 Unit 3

322 Unit 3 is characterized by compound pahoehoe lava flows commonly 

323 intercalated with peperites and/or volcaniclastic/epiclastic green siltstone layers 

324 (Fig. 3). The individual lava lobes have similar thickness (up to 4 m) and similar 

325 facies features when compared to the underlying Unit 1. In contrast to Unit 1, Unit 

326 3 is significantly less oxidized (lavas dominantly dark grey instead of reddened). 

327 The porosity (vesicles and fractures) of Unit 3 is only partially filled and 

328 maintaining more of the primary porosity when compared to the deeply altered 

329 Unit 1. Additionally, these partially filled pores and some related fractures have 

330 common oil stains (Fig. 4g). A thin layer (25 cm) of scoria deposits underlying 

331 hydraulic fractures is located at the top of these compound pahoehoe sequences 

332 in the whole core of 7-BD-11A-RJS well. 

333 Petrographically, the compound pahoehoe flows of Unit 3 are 

334 characterized by fine-grained plagioclase-phyric amygdaloidal/vesicular basalts. 

335 The vesicles have a diameter range of 2-5 mm and are more concentrated at the 

336 base and top of the flows (30-50-% than the core (up to 5%). Typically, the 
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337 vesicles are partially filled, in order, by chlorite, magnesian smectite, 

338 chlorite/smectite, and, rarely, calcite and quartz. Chlorite/smectite is present in 

339 the final stage of total filling of the vesicles and is rare or absent when filling is 

340 partial (Fig. 6c and d). 

341 The peperite deposits are characterized by basalt fragments (3-10 cm), 

342 normally vesiculated with chilled margin, immersed in a groundmass of well-

343 sorted green siltstone with immature grains of quartz, feldspar, mica, and clay 

344 minerals, with basalt lithoclastic (Fig. 4d). The green siltstone is common 

345 throughout Unit 3 and forms thin deposits at the base of some lobes, fills 

346 fractures, and, when related to peperite, reveals a fluidized and/or injection linked 

347 texture.

348

349 Unit 4

350 Unit 4 overlies Unit 3 and is dominated by a rubbly pahoehoe lava flow and 

351 is observed only in the BD-11A RJS well (Fig. 3). Peperite is present at the base 

352 of the rubbly pahoehoe flow (Fig. 5c/7f), however, the contact between the 

353 peperite and Unit 3 is not observed due to incomplete core recovery over this 

354 interval (Fig. 3). The core of the flow is injected by sediment observed also in the 

355 peperite (Fig.4h) and cut by fractures which are filled by calcite (Fig. 4i) and rare 

356 oil stains. Ingested fragments of amygdaloidal (20 – 30 %) basalt (Fig. 2g), 

357 typically around 5 cm diameter occur locally in the massive core and increase 

358 toward the top. 

359 The rubbly flow top comprises vesiculated fragments of basalt, varying 

360 from a few mm’s to 15 cm, and is dominantly matrix-supported. Petrographically, 

361 the core of the rubbly flow is defined by fine-grained aphyric to plagioclase-phyric 

362 basalts with microcrystalline groundmass texture (<0.1mm), with oriented 
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363 amygdales (1 – 5 mm diameter). The rubbly top has fragments of amygdaloidal 

364 and massive basalt, punctuated with oil stains, and is infilled with silt-grade 

365 sediments in places. These sediments are immature composed of quartz and 

366 plagioclase grains, and basalt and, basalt and siltstone lithoclasts.

367

368 Spatial facies distribution

369 The type-section of 7-BD-11A-RJS reveals key facies architectural 

370 elements of the Badejo-Linguado field area. Other available cored intervals are 

371 shorter but reveal similarities in terms of facies variations which have been 

372 provisionally compared to the 7-BD-11A-RJS units (Fig. 3). These comparisons 

373 between wells through units based just on facies and alteration processes maybe 

374 considered somewhat fragile to support a hypothesis of stratigraphic correlation 

375 between the wells. However, mapping of tabular flows from the Vale do Sol 

376 formation and compound from the Torres formation in the Paraná Basin for 

377 approximately 30 km (Rossetti et al., 2018), and the extensive exposures in the 

378 Etendeka sequences where flows can be followed on the 10s of km scale (Jerram 

379 et al., 1999b, Jerram & Widdowson 2005), indicates that such a correlation is 

380 possible, especially considering the greater distance between the wells is just 

381 under 10 km and the smallest 2 km. 

382 Similar character volcanic intervals to Unit 1 have also been identified in 

383 3-BD-13-RJS well (Fig. 3) which reveals similar facies along with pervasive 

384 oxidation and reddening of the sequence (Fig. 7a/c). The basal c. 8 m part of the 

385 sequence encountered in the core section from the 3-LI-04-RJS well reveals 

386 similar features to the upper portion of Unit 2 (Fig. 3). This 3-LI-04-RJS core also 

387 extends up into a sequence similar to Unit 3 and, therefore, may potentially have 

388 captured this same transition (Fig.7d/e). Intervals with similarities to Unit 3 are 

Electronic copy available at: https://ssrn.com/abstract=4059018



16

389 also identified in the whole cores of 3-BD-15C and 3-LI-03-RJS wells (Fig. 3). In 

390 these wells, beyond the volcanic green siltstone, sandstone and breccia are also 

391 observed. In addition, the volcaniclastic sediments within 3-BD-15C-RJS (similar 

392 to Unit 3), reveal oriented grains and fragments, where the presence of non-

393 marine ostracods was verified (e.g. Fig. 5d/ Appendix C). The assemblage of 

394 ostracods within these sequences have been characterised and shown to contain 

395 the genera Hourcqia, Paracypridea, Petrobrasia, Reconcavona, Salvadoriella 

396 and Theriosynoecum (Moura, 1987), consistent with a Lower Cretaceous age.

397

398 FIGURE 7

399

400 4.2. Wireline analysis

401 Wireline data for the 7-BD-11A-RJS cored section is presented alongside 

402 the facies log in Fig. 8. The core gamma was used to depth match the core to the 

403 wireline section. The igneous intervals are characterized by typically low GR 

404 values, < 40 ºAPI, in flow cores along with high bulk density (up to 2.81 g/cm3) 

405 and high-velocity intervals (up to 5.9 km/s). Wireline petrophysical properties 

406 change gradually from flow core interiors towards flow crusts where GR is higher 

407 varying from 60 to 80 ºAPI, and densities and velocities are lower (Fig. 8). These 

408 higher GR values coincide either with sedimentary layers, peperite, or with rubbly 

409 lava flow top intra-facies that have been partly infilled by volcaniclastic-siliciclastic 

410 sediments. The thick tabular lava flow from Unit 2 reveals a classic asymmetrical 

411 bell-shaped logging profile in density, velocity and resistivity which is associated 

412 with tabular lava flow internal structure (Planke et al., 1999). Compound lava flow 

413 facies reveal petrophysical properties which vary on a higher frequency 

414 compared to the thicker tabular lavas and also show lower peak values of velocity 
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415 and density. This variation reflects the variations in vesicular/amygdaloidal 

416 abundance and typically greater alteration of these lava facies (Millett et al., 

417 2021).

418

419      

420 FIGURE 8

421

422 4.3. Petrophysical properties of Cabiúnas Formation

423

424 Petrophysical properties measured for volcanic samples from the 7-BD-

425 11A-RJS well vary systematically between different facies. Intra-facies features 

426 of the tabular rubbly pahoehoe lava flow such as flow core and flow crust reveal 

427 the lowest (0.1%; 0.001mD) and highest (16.8%; 20mD) porosity and 

428 permeability values from the entire dataset, respectively. Flow interiors are 

429 massive and vesicle-poor with porosity < 5% and permeability variations are 

430 associated with micro-fractures. The upper flow facies of rubbly lavas are 

431 characterized by distinct porosities, from 3.4 to 16.8% (avg. 7.1%), reflecting 

432 variations in fragment sizes and distribution and variability of vesicle shapes 

433 within the fragments (Fig. 9). This pattern is the same for the rubbly flow cores in 

434 Units 2 and 4, but it was not possible to compare the rubbly top, as these analyses 

435 were not performed at the top of Unit 4.

436 Within compound lavas, porosity and permeability values are variable and 

437 range from 0.8 to 14% (avg. 5.79%) and 0 to 0.394 mD (avg. 0.02 mD), these 

438 variable results reflect the connectivity of vesicles and partial infill of pores by clay 

439 minerals and other secondary minerals. However, the porosity and permeability 

440 values of the amygdaloidal/vesiculated basalts from Unit 1 do not exceed 10% 

Electronic copy available at: https://ssrn.com/abstract=4059018



18

441 and 0.01 mD, while those from Unit 3 reach 15.80% and 1.47 mD, respectively 

442 (Fig. 9 and Fig. 10), highlighting the important difference that extensive alteration 

443 and oxidation within Unit 1 has had on the reservoir properties (Appendix D1/2).

444

445 FIGURE 9 

446

447 FIGURE 10 

448

449 Epiclastic rocks from Unit 1 were also analyzed (volcanic sandstone and 

450 breccia). The volcanic sandstone has higher porosity (avg. 16.3%) than the 

451 volcanic breccia (avg. 4.5%), whereas both have low measured permeability 

452 below < 0.006 mD. Representative laboratory sampling and analyses of coarse-

453 grained sediments and breccias is problematic due to the size of core plugs often 

454 approaching the size of individual clasts, and as such, the breccia values for 

455 porosity and permeability are regarded as likely underestimates. 

456 Peperites are characterized by relatively high porosities, 4.4 to 15.8% 

457 (avg. 5.45%); and low permeabilities, < 0.5 mD. Those of Unit 1 in 7-BD-11A-RJS 

458 well were not analyzed because they are small and rare. In general, the peperites 

459 from the other units have similar permeabilities (< 0.5 mD), however porosity 

460 reveals greater variations. The peperites from Unit 3 are the most porous, 7.6 to 

461 15.8%, followed by those from Unit 2 (7.0 to 10.3 %) and Unit 4 (4.4 to 8.0 %).

462 In situ permeability measurements using mini-permeameter along the 7-

463 BD-11A-RJS well provided higher values, from 20.52 to 0.0098 mD, than those 

464 from conventional petrophysical analysis in coreplug samples (Fig. 8). These 

465 values likely reflect permeability associated with fractures along the core, absent 
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466 in coreplug samples, which were collected in less fractured zones to maintain 

467 sample integrity.

468 Significant heterogeneity in pore space of the analyzed data reflects 

469 changes by post-emplacement alteration, with precipitation of secondary 

470 minerals in vesicles and fractures changing original porosity and permeability. 

471

472 5. Discussion 

473 The whole core intervals studied in this work provide an important record 

474 of a poorly known part of the basaltic volcanism in the Campos Basin 

475 stratigraphically grouped into the Cabiúnas Formation. This study focuses on well 

476 sections with available full diameter cores and although some of these sections 

477 reach approximately 90 m in thickness (e.g. 7-BD-11A-RJS), they do not 

478 necessarily encounter the entire igneous range that represents the economic 

479 basement of the Campos basin (Mizusaki, 1986; Winter et al., 2007). 

480 Within this study, focus has been given to characterizing key aspects of 

481 the cored volcano-sedimentary deposits in order to better understand the 

482 character and evolution of this part of the Campos Basin along with investigating 

483 links between the identified facies and their reservoir properties.

484 Extensive research exists on the characterization of volcano-sedimentary 

485 sequences utilizing a facies-based approach from modern volcanic analogues 

486 (Voigt et al., 2021), field outcrops (Jerram & Widdowson, 2006; Waichel et al., 

487 2008; Ebinghaus et al., 2014; Rossetti et al., 2018), and sub-surface examples 

488 (Quirie et al., 2019; Millett et al., 2021a). In addition, studies into the implications 

489 of volcanism on petroleum systems evolution (Schutter, 2003, Senger et al., 

490 2017; Millett et al., 2020) and the nature of volcanic reservoirs has also been 
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491 increasingly studied in recent years (Yi et al., 2016; Rossetti et al., 2019; Millett 

492 et al., 2021b). 

493 Facies identified within the cored intervals vary from effusive lava flow 

494 facies through lava-sediment mingling deposits (peperite; Skilling, 2002) through 

495 to various volcaniclastic and siliciclastic sediments. Within the next sections, lava 

496 flow emplacement, emplacement environment, and reservoir properties are 

497 discussed in turn.

498

499 5.1. Emplacement mechanisms of the lavas 

500 Two lava flow facies were identified within the cored intervals including 

501 compound pahoehoe and tabular rubbly pahoehoe facies. Both facies are 

502 extensively documented in Continental Flood Basalts (CFB) provinces (Self et 

503 al., 1998; Jerram et al., 1999 and 2019; Keszthelyi, 2000; Bryan et al. 2010; 

504 Duraiswami et al., 2013; Reidel et al., 2018) including key onshore outcrop 

505 analogues of similar age in the Paraná-Etendeka (Rossetti et al., 2018).

506 Compound pahoehoe lava flows described in the lower (Unit 1) and middle 

507 (Unit 3) portions of the cored volcanic sequence are characterized by a 

508 succession of vesicular lobes, with thickness varying from 30 cm to 4 m. Typical 

509 advancing pahoehoe lobes in Hawaii are 0.2 – 0.5 m thick, 0.2 – 3 m wide, and 

510 0.5 – 5 m long, (Self et al., 1998). However, these values quickly increase during 

511 flow advancement via lateral coalescence and inflation to produce tabular flows 

512 which can reach hundreds or even thousands of meters in width, tens of meters 

513 in thickness and extend over several kilometers (Hon et al., 1994). The pattern of 

514 the vesicles and the thickness of some of the lobes within the studied compound 

515 lava flows indicate inflation similar to that observed in lava flows on Hawaii and 
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516 in other CFBs (Fig. 3; Hon et al., 1994; Self et al., 1998; Jerram et al 1999; 

517 Duraiswami et al., 2013; Rossetti et al., 2018).

518  The presence of these flows in the Badejo and Linguado oil field suggests 

519 that the eruptions that formed Units 1 and 3, in Cabiúnas Formation, were likely 

520 related to low and sustained effusion rates (e.g. Rowland and Walker, 1990). 

521 Volumetric flow rates for historical records of pahoehoe lava flows on Hawaii 

522 reveal values typically of <5-10 m3/s (Rowland and Walker, 1990), and slightly 

523 higher values of ~21 m3/s have been estimated for compound pahoehoe lavas in 

524 the Columbia River Basalt (CRB) province (Reidel et al., 2019), and a similar 

525 range of values for the compound lava flows of the Cabiúnas Formation appear 

526 reasonable.

527 The deposits of Units 2 and 4 formed as thick tabular rubbly pahoehoe 

528 flows, reaching up to c. 30 m thickness in the 7-BD-11A-RJS well. This type of 

529 transitional lava flow facies were documented and classified since around 2000 

530 (Keszthelyi, 2000; Keszthelyi et al., 2001). Rubbly pahoehoe lava flows have also 

531 been identified in others in CBFs, for example, CRB (Keszthelyi et al.,2001), 

532 Deccan Traps (Duraiswami et al., 2013), and Paraná-Etendeka (Jerram, 2002; 

533 Rossetii et al., 2018). The 1783–84 Laki eruption in Iceland is an important 

534 modern analog for this kind of flow, wherein only 8 months, about 14 km³ of lava 

535 was erupted, creating a 600 km² lava flow filled predominated by rubbly pahoehoe 

536 surface (Guilbaud et al., 2005), with a high effusion rate (up to 8000 m³/s; 

537 Thordarson and Self, 1993). The 2014/2015 Holuhraun eruption provides a more 

538 recent example which comprises c. 57 % rubbly pahoehoe surface features with 

539 a mean lobe thickness of 4.29 ± 1.52 m (Voigt et al., 2021). In other larger 

540 examples flows of c. 70 m in the Santos basin (Fornero et al., 2019) and up to 

541 80 m in the Deccan traps (Duraiswami et al., 2013) are reported.
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542 The vertical intra-facies features of typical rubbly pahoehoe as described 

543 in the literature include: (1) thin vesicular lower crust, (2) massive core, (3) 

544 vesicular upper crust, often with partially ingested flow top breccia, and (4) rubbly 

545 flow top (Keszthelyi, 2000; Duraiswami et al., 2013; Vye-Brown et al., 2013; 

546 Rossetti et al., 2018). Units 2 and 4 from the current study demonstrate clear 

547 similarities to these features albeit with some differences. In the present study, 

548 the base of the rubbly pahoehoe flows, only observed in the 7-BD-11A-RJS well 

549 (Units 2 and 4), reveal interaction between lava and the underlying 

550 unconsolidated sediments, generating zones of peperite (Fig. 3 and Fig. 4). The 

551 presence of thick inflated rubbly pahoehoe lava flows interlayered between 

552 packages of compound pahoehoe lava flows reveals that effusion rate increased 

553 periodically between eruption events during the Cabiúnas Formation and implies 

554 that the lateral continuity of the lava sequences in this area may have fluctuated 

555 in relation to these temporal changes in eruption dynamics (e.g. Millett et al., 

556 2017; Rossetti et al., 2018).

557

558 5.2. Depositional environment and lava-sediment interaction

559 The presence of numerous sedimentary interlayers in the Cabiúnas 

560 formation (Winter et al., 2007), especially within the studied lava flow packages, 

561 clearly reveals that volcanism was not continuous but was instead punctuated by 

562 volcanic hiatuses during which sedimentation resumed, a common feature of 

563 many flood basalt provinces (Waichel et al., 2007; Ebinghaus et al., 2014; Millett 

564 et al., 2021). 

565 The occurrences of siliciclastic sediments within several layers throughout 

566 the sequence reveal that depositional systems sourcing sediment from outside of 

567 the evolving lava field reached into the lava field during these hiatuses. The high 
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568 concentration of volcanic fragments (up to 25%) indicates also a provenance 

569 related to weathering processes that acted on previously erupted volcanic rocks. 

570 The volcanic facies (Tab. 2) reveal no evidence for extensive lava-water 

571 interaction such as pillow lavas or hyaloclastite, and as such, the most likely 

572 candidates for the sedimentary depositional systems are either wind-blown 

573 aeolian, or fluvial drainage systems with occasional lakes. 

574 The presence of peperite facies in parts may indicate that the sediment 

575 sequences can sometimes be water saturated/wet during lava emplacement (e.g. 

576 Skilling et al., 2002), though the formation of such features does not always 

577 require water to be present (e.g. Jerram and Stollhofen, 2002). As stated 

578 previously aeolian sedimentation dominates the early palaeoenvironment (e.g. 

579 sub-volcanic Botucatu Formation in Brazil and Twyfelfontein Formation in 

580 Namibia) and the aeolian interbeds identified from within the early Paraná and 

581 conjugate Etendeka sequences (Jerram et al., 1999a&b; Scherer 2002; Waichel 

582 et al., 2008). A wind-blown component contributing to some of the siliciclastic 

583 sediments within the Cabiúnas Formation of the Campos Basin, therefore, 

584 appears possible, however, no diagnostic evidence in the form of aeolian 

585 bedforms has been identified within this study. 

586 Another paleoenvironmental indicator observed in the studied wells is the 

587 reddish aspect of unit 1 rocks, with, according to Mizusaki (1986) is related to 

588 weathering processes, in an arid environment, acting during surface exposure of 

589 the lavas. This phenomenon destroys the brucite layer of the chlorite in the 

590 chlorite-smectite (Fig. 7a-d) by oxidation of Fe²+ to Fe³+ and increases the 

591 proportion of smectite in the interstratified, leading to a reddening of the rocks.

592 A distinct reduction in oxidation from Unit 2 upwards is also accompanied 

593 by an increase in the abundance of well-sorted sediment (volcanic green 
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594 siltstone) and peperite deposits. These fact points to a potential change in the 

595 depositional environment, characterized by increased humidity from an arid 

596 environment, and the identification of non-marine ostracods fossil assemblage in 

597 Unit 3 reinforces this hypothesis. The high richness and low abundance of the 

598 identified genera point to a deposition on a high energy lake, low water depth and 

599 arid climate (Neustrueva 1971, 1977). 

600 In all units studied, peperitic deposits are observed, previously termed 

601 hydrovolcanic breccias by Mizusaki (1986). Some features of these deposits 

602 indicate that the host sediment was unconsolidated and likely wet when they 

603 interacted with the lavas (Skilling, 2002; Fig. 5c and d; Fic. 6c and e). Features 

604 such as (1) quenched and mingled margins of juvenile basalt in the host sediment 

605 (Fig. 5c, Fig. 5e, and Fig. 6f); (2) fluidization of the sediment (Fig. 5c); and (3) 

606 sediment filling injection fractures in lavas overlying siliciclastic deposits (Fig. 5c), 

607 all point to a dynamic interaction of the sediments with the juvenile magmatic 

608 component (lava flow).

609 Waichel et al. (2007) identified similar features in the peperites formed by 

610 the interaction of Serra Geral lavas, in Paraná Basin, and lacustrine sediments 

611 (silt or clay) interbedded with the flows. Thicker peperite units where aeolian 

612 sands have interacted with lava flows dynamically have also be shown in the 

613 Paraná and Etendeka (Jerram and Stolhofen 2002; Petry et al., 2007). In some 

614 instances, scoriaceous layers are identified without any clear association with 

615 underlying lava flows (Fig. 3) and give evidence for potential basaltic pyroclastic 

616 processes such as fire fountaining. In this case, these deposits could indicate 

617 proximal eruptions, however, they could also potentially relate to rootless 

618 processes linked for example to the lavas flowing over water saturated sediments 

619 (e.g. Hamilton et al., 2017; Famelli et al., 2021).
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620 In many cases the sedimentary sequences can be shown to require some 

621 significant tractional movement and reworking. Some coarse-grained brecciated 

622 units and layers show reworking of juvenile rubbly flow top components with 

623 siliciclastic sediments. Examples where breccias at the top of rubbly pahoehoe 

624 flows have become grain-supported by siliciclastic sediments (e.g. Fig. 5e), which 

625 are clearly not derived from the underlying lava flow, are interpreted as most likely 

626 associated with flash flooding and/or potentially fluvial reworking of extra-volcanic 

627 siliciclastic sediments with the complex flow top terrain of the preceding lava flow 

628 field. Modern examples of the potential complexity of individual lava flow fields 

629 can be readily seen on modern day Hawaii and Iceland (e.g. Voigt et al., 2021).

630 A final consideration relating to the non-volcanic sedimentary systems 

631 comprises the distribution and depositional environments of the siliciclastic 

632 sediments. The available cores represent a tiny window into the nature of this 

633 system, and as is well documented in most other volcanic provinces, the 

634 distribution of inter-lava sediments and their facies (e.g. reservoir versus non-

635 reservoir) can be highly variable (Schofield and Jolley, 2013; Ebinghaus et al., 

636 2014; Millett et al., 2021). This is important in relation to the Badejo and Linguado 

637 fields in the context of non-volcanic reservoirs. Within this study, no high quality 

638 aeolian, fluvial or other siliciclastic reservoir units have been identified. However, 

639 within the early stages of both the Paraná and Etendeka provinces high quality 

640 clean aeolian sandstone deposits are well known (Mountney et al., 1998; Jerram 

641 et al., 1999b; Mountney et al., 1999; Scherer 2002; Grove et al., 2017). In the 

642 case of the offshore Namibian margin, sediment interbeds within the lavas have 

643 also formed inter-lava reservoirs hosting substantial gas accumulations at the 

644 Kudu gas field (Jerram 1999b; Stanistreet & Stolhofen 1999). Therefore, it 

645 appears plausible, if not likely, that variations in the inter-lava depositional system 
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646 of the Campos Basin may in places have resulted in the deposition of high-quality 

647 siliciclastic reservoirs. As such, the inter-lava play (Duncan et al., 2020; Millett et 

648 al., 2021) should be incorporated into future prospectivity and exploration 

649 appraisal within this area, a play that typically requires good 3D seismic data in 

650 order to appraise effectively (e.g. Schofield and Jolley, 2013; Millett et al., 2020).

651

652 5.3. Volcanic reservoirs

653 The oil fields of Badejo and Linguado are known worldwide for their 

654 production of oil from volcanic rocks, in some instances for over 30 years (Fig. 

655 11). However, the interval of production within the volcanic-sedimentary rocks 

656 and the details behind why they produce have been poorly explored. The drilled 

657 wells of these fields do not use modern production logging tools (PLT), which 

658 provide high-resolution measurements of the fluid identifications and flow rates, 

659 so the only data capable of directly verifying the locations of oil in the reservoirs 

660 in these wells are oil stains from the cores. The presence of oil within vesicles 

661 and fractures predominantly with lava flow tops is a key feature of the Badejo and 

662 Linguado wells. Figure 12 highlights some of the section where oil seeps are 

663 visible in the cores taken through the lava flows showing the clear relation to 

664 vesicular/fractured facies.

665

666 FIGURE 11

667

668 FIGURE 12

669

670 Previous works characterized facies with the best porosity and 

671 permeability properties and qualified them as to their reservoir potential 
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672 (Mizusaki, 1986; Mizusaki et al., 1992). However, oil stains were only observed 

673 in Unit 2 (Fig. 4). The same facies, vesicular basalt in compound pahoehoe lavas, 

674 for example, classified previously by the authors as a good reservoir was 

675 observed in this work with and without oil stains, in Units 3 and 1, respectively. 

676 One hypothesis that could explain this is that the oil-water contact was close to 

677 the limit between these units. However, the data indicate that this is unlikely since, 

678 in addition to the absence of oil stains, rocks from Unit 1 have low permeability 

679 and porosity (< 0.01 mD and < 10%, respectively) and are up to two orders of 

680 magnitude lower than those from Unit 3 (Fig. 10). This is a strong indication that 

681 the volcano-sedimentary rocks of Unit 1 did not store oil due to their deeply 

682 altered nature with low permeability.

683 Porosity and permeability in basaltic lava flows are related to a 

684 combination of primary facies features such as vesicles, autobreccias, 

685 microfractures, and cooling joints (e.g. Millett et al., 2016; 2021; Jiang et al., 

686 2017), along with a range of important secondary features such as weathering, 

687 tectonic fracturing, and secondary mineralization linked to deuteric, meteoric, 

688 hydrothermal, or diagenetic processes (Planke et al., 1999; Neuhoff et al., 1999; 

689 Schenato et al., 2003; Meunier et al., 2012). The petrophysical properties of 

690 onshore analogue lava flows within the Paraná Basin have been recently studied 

691 which reveal a clear facies control on petrophysical properties with maximum 

692 porosities linked to vesicular flow tops of rubbly pahoehoe (c. 28.3%) and 

693 pahoehoe (c. 26.6%), albeit each revealed generally low (<1 mD) permeability 

694 (Rossetti et al., 2019). Secondary mineralization clearly has an important control 

695 on pore structures within the Paraná Basin lava flows with one example revealing 

696 three main post-magmatic secondary phases related to progressive stages of 

697 alteration, starting with celadonite crystallization, then saponite (referred to in this 
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698 work as smectite; Fig. 6) and finally interstratified chlorite/saponite (Schenato et 

699 al., 2003). 

700 Although celadonite is a rare mineral in the studied samples, 

701 homogeneous smectite (saponite) and chlorite-smectite are very common 

702 phases in all studied samples, either altering minerals or filling vesicles and 

703 microfractures (Fig. 6), and infill differ significantly from reservoir to non-reservoir 

704 facies. Within the reservoir intervals (units 2, 3 and 4), these clay minerals 

705 minerals fill only partially vesicular and fracture porosity, whilst in the non-

706 reservoir volcanic facies of Unit 1 they formed more pervasive alteration filling 

707 most of the porosity. 

708 The deep weathering with oxidation of the compound pahoehoe flows from 

709 Unit 1 appears responsible for the pervasive smectite and chlorite/smectite 

710 development which has completely filled vesicles and microfractures. The 

711 reduced levels of alteration in Unit 3 is clearly linked to greater preservation of 

712 primary porosity, which in turn can be directly linked to oil staining and effective 

713 reservoir properties (Fig. 9 and Fig. 10). In this sense, we can conclude that the 

714 primary nature of the volcanic facies and the associated distribution of porosity 

715 play an important role in the volcanic reservoirs.

716 Mizusaki et al. (1992) indicated that, in addition to vesicles, dissolution, 

717 and microfractures, macro fractures that cross-cut lava flows play an important 

718 role in reservoir quality. Limited evidence for effective porosity linked to 

719 dissolution was identified within the current study, although dissolution of feldspar 

720 grains is present in some samples. Fractures, when not related to peperites, are 

721 typically filled with calcite and, except within Unit 1, also reveal oil staining (Fig 

722 4). At least some of these fractures can be demonstrated to be tectonic rather 

723 than cooling jointing associated due to the presence of associated damage 
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724 zones. However, the vertical extent and scale of these fractures, and whether 

725 they connect and create permeable pathways, across multiple flow units is not 

726 well constrained with the available data. It is well documented that lava flow 

727 interiors can form effective vertical barriers to fluid flow (e.g. Burns et al., 2015) 

728 and even where cooling joints and tectonic fracturing are present, mineralization 

729 can effectively anneal fractures especially where the fractures form early in the 

730 burial history. 

731 The presence of oil staining clearly reveals that both fracturing and the 

732 primary distribution of lava flow intra-facies (e.g. vesicles), and sedimentary 

733 processes play an important role in the development of the Badejo and Linguado 

734 field reservoirs. The relative roles that fractures versus vesicular, inter-rubble, and 

735 sedimentary porosity play in the Badejo and Linguado reservoirs is hard to 

736 constrain due to a lack of quantitative data on the fracture distributions (e.g. no 

737 image log data) and the challenges associated with measuring macroscopic inter-

738 rubble porosity and permeability in the laboratory. What is clear, is that all of these 

739 elements contribute to the reservoir system, and that within the sequence, the 

740 presence of oil staining has a first order association with volcanic intra-facies such 

741 as flow tops rather than flow interiors. To date, siliciclastic inter-lava units with 

742 good reservoir properties have not been identified from available core, however, 

743 as discussed earlier, this is seen as a potentially viable play in the Campos Basin.

744 Guardado et al. (2000) and Mizusaki et al. (1992) point to lateral migration 

745 of the oil, due to the contact by faults of the shales generated from the Lagoa 

746 Feia Formation, with the basalts of the Cabiúnas Formation. This charging 

747 mechanism is also invoked for other volcanic reservoirs such as in the 

748 Raageshwari Deep Gas Field horst block in the Barmer Basin (Millett et al., 

749 2021b), and potentially forms an important aspect of charging lava flow reservoirs 
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750 where vertical connection between impermeable lava flow interiors may 

751 otherwise restrict charge.

752 In the Oil production data from the Badejo, and Linguado fields (Fig. 11) 

753 all wells are characterized by an initial short-lived peak in productivity (over 500 

754 m3/day in most cases), followed by a subsequent rapid decrease in production 

755 over a roughly c. 5 year period prior to production rates levelling out and 

756 remaining essentially constant at low production rates typically < 100 m3/day. 

757 These early high rates of production followed by a rapid decline reveal many 

758 similarities with fractured reservoir performance and it may be that the identified 

759 oil-stained open fracture network contributed significantly to this early production 

760 rates. The decline in production rates may, therefore, be reflecting the transition 

761 from oil dominantly hosted in the high permeability fracture network, to a greater 

762 component of production from the volumetrically greater but lower permeability 

763 intra-facies volcanic reservoirs. Future modelling of the production data linked to 

764 an updated reservoir model for the Badejo and Linguado fields incorporating the 

765 results of this study could shed new light on the likely linkages between different 

766 reservoir components.

767

768 6. Conclusions 

769 The Cabiúnas Formation, in the Campos Basin, includes globally 

770 important non-conventional oil reservoirs. The formation is characterized by a 

771 volcanic-sedimentary sequence, with a predominance of subaerial effusive 

772 volcanic rocks interbedded with a variety of sediment types, and sometimes 

773 interacting dynamically with the unconsolidated sediment. The cored sequences 

774 of the Cabiúnas Formation have been divided into four units with well-defined 
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775 facies characteristics that occur at similar intervals between the cored sections of 

776 the studied wells. 

777 Units 1 and 3 are dominated by compound pahoehoe lava flow facies with 

778 interlayered sediments whereas Units 2 and 4 comprise inflated tabular rubbly 

779 pahoehoe lava flow facies. Throughout the cored sequences, sediments are 

780 commonly mingled with the lava flows to form peperites. The separate units 

781 reveal alternations between low (compound pahoehoe) and high (rubbly 

782 pahoehoe) effusion rates. The lavas and sediments of Unit 1 are deeply 

783 weathered and oxidized from extended subaerial exposure which has led to 

784 destruction of porosity and poor reservoir properties. In contrast, the overlying 

785 units reveal a significant decrease in alteration related to oxidization (reddening 

786 of rocks), increase of well-sorted sediment (volcanic green siltstone), peperites 

787 and presence of non-marine ostracods, indicating the elevation of humidity from 

788 an arid environment. These overlying units 2, 3 and 4 also comprise the best 

789 reservoir properties which have been linked to a combination of primary flow 

790 margin intra-facies properties such as vesicles and rubbly intra-clast porosity, 

791 along with fractures both primary and tectonic. Both the flow margin intra-facies 

792 and fractures show extensive oil staining supporting, along with the production 

793 data, a combined role of both in the production history of these important volcanic 

794 reservoirs. It can be seen then from the volcanic hosting reservoirs of the 

795 Cabiúnas Formation that there is a clear primary control imparted by the volcanic 

796 intra-facies on the distribution of hydrocarbons. This agrees strongly with other 

797 examples of volcanic hosted reservoirs where the intra-facies within lava flows 

798 can be shown to be a primary control (e.g. Millett et al., 2021b). In the case 

799 presented here, the presence of significant alteration within the volcanic units is 

800 shown to directly affect the reservoir potential and as such the identification and 
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801 mapping out of altered versus non altered sequences is important when exploring 

802 in such non-conventional reservoirs.

803

804 Acknowledgments

805 This work was financially supported by Petrobras (CENPES – Research 

806 Center and Exploration) projects. Especially the authors of Petrobras appreciate 

807 the fruitful discussions with the VMAPP Consortium (Volcanic Margin Petroleum 

808 Prospectivity) team and workshops. The authors would like to thank also all those 

809 who contributed in some way to make this work possible.

810

811 References

812 American Petroleum Institute, 1998. Recommended practices for core analysis. 

813 Second edi, Recommended Practice 40. Second edi. New York: American 

814 Petroleum Institute.

815 Baksi, A.K., 2018. Paraná flood basalt volcanism primarily limited to ~ 1 Myr 

816 beginning at 135 Ma: New 40 Ar/ 39 Ar ages for rocks from Rio Grande do Sul, 

817 and critical evaluation of published radiometric data. J. Volcanol. Geotherm. Res. 

818 355, 66–77. https://doi.org/10.1016/j.jvolgeores.2017.02.016

819 Bryan S.E., Peate I.U., Peate D.W., Jerram D.A., Mawby M.R., Marsh J.S., Miller 

820 J.A. 2010.  The largest volcanic eruptions on Earth. Earth-Science Reviews, 

821 Volume: 102, Issue: 3-4, Pages: 207-229.

822 Bueno, G. V., Zacharias, A. A., Oreiro, S. G., Cupertino, J. A., Falkenhein, F. U. 

823 H., Martins Neto, M. A. Bacia de Pelotas. Boletim de Geociencias da 

824 PETROBRAS, 15(2), 531-549.

825 Burns, E. R., Williams, C. F., Ingebritsen, S. E., Voss, C. I., Spane, F. A., & 

826 DeAngelo, J., 2015. Understanding heat and groundwater flow through 

Electronic copy available at: https://ssrn.com/abstract=4059018



33

827 continental flood basalt provinces: insights gained from alternative models of 

828 permeability/depth relationships for the Columbia Plateau, USA. Geofluids, 15(1-

829 2), 120-138.

830 Dias, J. L., De Oliveira, J. Q., & Vieira, J. C., 1988. Formation, rift phase of 

831 Campos Basin, offshore Brazil. Revista Brasileira de Geociências, 18.

832 Dias, J. L., Scarton, J. C., Esteves, F. R., Carminatti, M., & Guardado, L. R. 1990. 

833 Aspectos da evolução tectono-sedimentar e a ocorrência de hidrocarbonetos na 

834 Bacia de Campos. Origem e evolução de bacias sedimentares, 2, 333-360.

835 Dodd, S.C., Niocaill, C. M., Muxworthya, A.R. 2015. Long duration (>4 Ma) and 

836 steady-state volcanic activity in the early Cretaceous Paraná–Etendeka Large 

837 Igneous Province: new palaeomagnetic data from Namibia. Earth and Planetary 

838 Science Letters, 414, 16–29.

839 Duncan, L.J., Dennehy, C.J., Ablard, P.M. and Wallis, D.W., 2020. The Rosebank 

840 Field, Blocks 213/27a, 213/26b, 205/1a and 205/2a, UK Atlantic Margin. 

841 Geological Society, London, Memoirs, 52(1), pp.980-989.

842 Duraiswami, R. A., Gadpallu, P., Shaikh, T. N., & Cardin, N., 2013. Pahoehoe–a′ 

843 a transitions in the lava flow fields of the western Deccan Traps, India-implications 

844 for emplacement dynamics, flood basalt architecture and volcanic stratigraphy. 

845 Journal of Asian Earth Sciences, 84, 146-166.

846 Ebinghaus, A., Hartley, A.J., Jolley, D.W., Hole, M. and Millett, J., 2014. Lava–

847 sediment interaction and drainage-system development in a large igneous 

848 province: Columbia River Flood Basalt Province, Washington State, USA. 

849 Journal of Sedimentary Research, 84(11), pp.1041-1063.

850 Famelli, N., Lima, E.F., Carmo, I.D.O., 2021. Lithostratigraphy of the Serra Geral 

851 Formation in the northern portion of the Paraná-Etendeka Igneous Province: A 

852 tool for tracking Early Cretaceous paleoenvironmental changes. Journal of 

Electronic copy available at: https://ssrn.com/abstract=4059018



34

853 Volcanology and Geothermal Research, 410, 107152.

854 Fodor, R. V., 1987. Low- and high-TiO2 flood basalts of southern Brazil: origin 

855 from picritic parentage and a common mantle source. Earth Planet. Sci. Lett. 84, 

856 423–430. https://doi.org/10.1016/0012-821X(87)90007-0

857 Fodor, R. V., McKee, E.H., Asmus, H.E., 1983. K-Ar ages and the opening of the 

858 South Atlantic Ocean: Basaltic rock from the Brazilian margin. Mar. Geol. 54, 1–

859 8. https://doi.org/10.1016/0025-3227(83)90002-6

860 Fornero, S.A., G.M. Marins, J.T. Lobo, A.F.M. Freire, E.F. Lima. Characterization 

861 of subaerial volcanic facies using acoustic image logs: lithofacies and log-facies 

862 of a lava-flow deposit in the Brazilian pre-salt, deepwater of Santos Basin. Mar. 

863 Petrol. Geol., 99 (2019), pp. 156-174.

864 França, R. L., Del Rey, A. C., Tagliari, C. V., Brandão, J. R., Fontanelli, P. R. 

865 Bacia do Espírito Santo. Boletim de Geociencias da PETROBRAS, 15(2), 531-

866 549.

867 Gladczenko, T.P., Hinz, K., Eldholm, O., Meyer, H., Neben, S., Skogseid, J., 

868 1997. South Atlantic volcanic margins. J. Geol. Soc. London. 154, 465–470. 

869 https://doi.org/10.1144/gsjgs.154.3.0465

870 Gomes, A.S., Vasconcelos, P.M., 2021. Geochronology of the Paraná-Etendeka 

871 large igneous province. Earth-Science Rev. 220, 103716. 

872 Grove,C., Jerram, D.A. ,Gluyas, J.G.and  Brown,R.J. (2017) 'Sandstone 

873 diagenesis in sediment-lava sequences: exceptional examples of volcanically 

874 driven diagenetic compartmentalization in Dune Valley, Huab Outliers, NW 

875 Namibia.', Journal of sedimentary research.,87(12). pp.1314-1335.

876 Guardado, L. R., Spadini, A. R., Brandão, J. S. L., & Mello, M. R. (2000). AAPG 

877 Memoir 73, Chapter 22: Petroleum System of the Campos Basin, Brazil.

878 Guilbaud, M. N., Self, S., Thordarson, T., Blake, S., 2005. Morphology, surface 

Electronic copy available at: https://ssrn.com/abstract=4059018



35

879 structures, and emplacement of lavas produced by Laki, AD 1783–1784. 

880 Geological Society of America Special Papers, 396, 81-102.

881 Hamilton, C. W., Fitch, E. P., Fagents, S. A., & Thordarson, T. (2017). Rootless 

882 tephra stratigraphy and emplacement processes. Bulletin of Volcanology, 79(1), 

883 11.

884 Hon, K. E. N., Kauahikaua, J. I. M., Denlinger, R., Mackay, K., 1994. 

885 Emplacement and inflation of pahoehoe sheet flows: Observations and 

886 measurements of active lava flows on Kilauea Volcano, Hawaii. Geological 

887 Society of America Bulletin, 106(3), 351-370.

888 Janasi, V.D.A., de Freitas, V.A., Heaman, L.H., 2011. The onset of flood basalt 

889 volcanism, Northern Paraná Basin, Brazil: A precise U-Pb baddeleyite/zircon age 

890 for a Chapecó-type dacite. Earth Planet. Sci. Lett. 302, 147–153. 

891 https://doi.org/10.1016/j.epsl.2010.12.005

892 Jerram, D. A., 2002. Volcanology and facies architecture of flood basalts, in 

893 Menzies, M.A., Klemperer, S.L., Ebinger, C.J. and Baker, J., eds., Volcanic Rifted 

894 Margins: Geological Society of America Special Paper 362, p. 119-132.

895 Jerram, D. A. and Widdowson, M., 2005. The anatomy of Continental Flood 

896 Basalt Provinces: geological constraints on the processes and products of flood 

897 volcanism, Lithos. Elsevier, 79(3–4), pp. 385–405.

898 Jerram, D. A., & Stollhofen, H., 2002. Lava/sediment interaction in desert 

899 settings; are all peperite-like textures the result of magma-water interaction? 

900 Journal of Volcanology and Geothermal Research, 114, 231-249.

901 Jerram, D. A., Mountney, N., Holzförster, F., Stollhofen, H., 1999a. Stratigraphic 

902 relation in the Etendeka Group in the Huab Basin, NW Namibia: Understanding 

903 the onset of flood volcanism. Journal of Geodynamics 28, 393-418.

904 Jerram, D. A., Mountney, N., Stollhofen, H., 1999b. Facies architecture of the Etjo 

Electronic copy available at: https://ssrn.com/abstract=4059018



36

905 Sandstone Formation and its interaction with the basal Etendeka flood basalts of 

906 NW Namibia: Implications for offshore analogues. In, Cameron, N., Bate, R. and 

907 Clure, V. (eds.), Oil and gas habitats of the South Atlantic. Geological Society of 

908 London Special Publication 153, 367-380. 

909 Jerram, D. A., Mountney, N., Howell, J., Stollhofen, H., Long, D., 2000. Death of 

910 a sand sea: An active aeolian erg systematically buried by the Etendeka Flood 

911 Basalts of NW Namibia. Journal of the Geological Society, 157, 513-516. 

912 Jerram, D.A., Sharp, I.R., Torsvik, T.H., Poulsen, R., Watton, T., Freitag, U., 

913 Halton, A., Sherlock, S.C., Malley, J.A.S., Finley, A., Roberge, J., Swart, R., 

914 Puigdefabregas, C., Ferreira, C.H., Machado, V., 2019. Volcanic constraints on 

915 the unzipping of Africa from South America: Insights from new geochronological 

916 controls along the Angola margin. Tectonophysics 760, 252–266. 

917 Jiang, F., Cheng, R., Ruan, B., Lin, B., Xu, Z. and Li, Z., 2017. Formation 

918 mechanism of volcanic reservoirs within a volcanostratigraphic framework: The 

919 case of the Wangfu fault depression in the Songliao Basin, China. Marine and 

920 Petroleum Geology, 84, pp.160-178.

921 Jones, M.T., Jerram, D.J., Svensen, H.H., Grove, C., 2016. The effects of large 

922 igneous provinces on the global carbon and sulphur cycles. Palaeogeography, 

923 Palaeoclimatology, Palaeoecology 441, 4-21

924 Keszthelyi, L. (2002) ‘Classification of the Mafica Lava Flows from ODP leg 183’, 

925 183, pp. 1–28. doi: 10.4996/fireecology.0701013.

926 Keszthelyi, L. et al. (2004) ‘Icelandic analogs to Martian flood lavas’, 

927 Geochemistry, Geophysics, Geosystems, 5, p. 14. doi: 10.1029/2004GC000758.

928 Koopmann, H., Schreckenberger, B., Franke, D., Becker, K., Schnabel, M., 2016. 

929 The late rifting phase and continental break-up of the southern South Atlantic: the 

930 mode and timing of volcanic rifting and formation of earliest oceanic crust. Geol. 

Electronic copy available at: https://ssrn.com/abstract=4059018



37

931 Soc. London, Spec. Publ. 420, 315–340. https://doi.org/10.1144/SP420.2

932 Kukla, P.A., Strozyk, F., Mohriak, W.U., 2018. South Atlantic salt basins – 

933 Witnesses of complex passive margin evolution. Gondwana Res. 53, 41–57.

934 Marzoli, A., Melluso, L., Morra, V., Renne, P.R., Sgrosso, I., D’Antonio, M., Duarte 

935 Morais, L., Morais, E.A.A., Ricci, G., 1999. Geochronology and petrology of 

936 Cretaceous basaltic magmatism in the Kwanza basin (western Angola), and 

937 relationships with the Paraná-Etendeka continental flood basalt province. J. 

938 Geodyn. 28, 341–356. https://doi.org/10.1016/S0264-3707(99)00014-9

939 McDermott, C., Lonergan, L., Collier, J.S., McDermott, K.G., Bellingham, P., 

940 2018. Characterization of Seaward-Dipping Reflectors Along the South American 

941 Atlantic Margin and Implications for Continental Breakup. Tectonics 37, 3303–

942 3327. https://doi.org/10.1029/2017TC004923

943 McPhee, C., Reed, J. and Zubizarreta, I., 2015. Routine Core Analysis, 

944 Developments in Petroleum Science. 

945 Mcphie, J., Doyle, M. and Allen, R., 1993. Volcanic Textures: A guide to the 

946 interpretation of textures in volcanic rocks. University of Tasmania.

947 Meunier, A., Mas, A., Beaufort, D., Patrier, P., & Dudoignon, P. (2008). Clay 

948 minerals in basalt-hawaiite rocks from Mururoa atoll (French Polynesia). II. 

949 Petrography and geochemistry. Clays and Clay Minerals, 56(6), 730-750.

950 Meunier, A., Petit, S., Ehlmann, B. L., Dudoignon, P., Westall, F., Mas, A., ... & 

951 Ferrage, E. (2012). Magmatic precipitation as a possible origin of Noachian clays 

952 on Mars. Nature Geoscience, 5(10), 739-743.

953 Millett, J.M., Jerram, D.A., Manton, B., Planke, S., Ablard, P., Wallis, D., Hole, 

954 M.J., Brandsen, H., Jolley, D.W. and Dennehy, C., 2021a. The Rosebank Field, 

955 NE Atlantic: Volcanic characterisation of an inter‐lava hydrocarbon discovery. 

956 Basin Research, 33(6), 2883-2913.

Electronic copy available at: https://ssrn.com/abstract=4059018



38

957 Millett, J.M., Jerram, D.A., Planke, S., Mund, B.K., Konar, S., Sharda, R., 

958 Maharjan, D. and Patankar, T., 2021b. Volcanic facies architecture of early 

959 bimodal volcanism of the NW Deccan Traps: Volcanic reservoirs of the 

960 Raageshwari Deep Gas Field, Barmer Basin, India. Basin Research, 33(6), 3348-

961 3377.

962 Millett, J.M., Manton, B.M., Zastrozhnov, D., Planke, S., Maharjan, D., Bellwald, 

963 B., Gernigon, L., Faleide, J.I., Jolley, D.W., Walker, F. and Abdelmalak, M.M., 

964 2020. Basin structure and prospectivity of the NE Atlantic volcanic rifted margin: 

965 cross-border examples from the Faroe–Shetland, Møre and Southern Vøring 

966 basins. Geological Society, London, Special Publications, 495.

967 Millett, J.M., Wilkins, A.D., Campbell, E., Hole, M.J., Taylor, R.A., Healy, D., 

968 Jerram, D.A., Jolley, D.W., Planke, S., Archer, S.G. and Blischke, A., 2016. The 

969 geology of offshore drilling through basalt sequences: Understanding operational 

970 complications to improve efficiency. Marine and Petroleum Geology, 77, pp.1177-

971 1192.

972 Milner, S.C., Duncan, A.R., Whittingham, A.M., Ewart, A., 1995. Trans-Atlantic 

973 correlation of eruptive sequences and individual silicic volcanic units within the 

974 Paraná-Etendeka igneous province. J. Volcanol. Geotherm. Res. 69, 137–157. 

975 Mizusaki  A. M. P,  1986.  Rochas  ígneo-básicas do  Neocomiano  da bacia de 

976 Campos - Caracterização  e comportamento como reservatório de  

977 hidrocarbonetos. MSc. Thesis, Universidade Federal Rio de Janeiro, Rio de 

978 Janeiro, Brazil. [in Portuguese].

979 Mizusaki, A.M.P., Petrini, R., Bellieni, P., Comin-Chiaramonti, P., Dias, J., De 

980 Min, A., Piccirillo, E.M., 1992. Basalt magmatism along the passive continental 

981 margin of SE Brazil (Campos basin). Contrib. to Mineral. Petrol. 111, 143–160. 

982 https://doi.org/10.1007/BF00348948

Electronic copy available at: https://ssrn.com/abstract=4059018



39

983 Mizusaki, A.M.P., Thomaz Filho, A., Valença, J., 1988. Volcano-sedimentary 

984 sequence of Neocomian age in Campos Basin (Brazil). Rev. Bras. Geociencias 

985 18, 247–251.

986 Mohriak, W.U., Rosendahl, B.R., Turner, J.P., Valente, S.C., 2002. Crustal 

987 architecture of South Atlantic volcanic margins. Geol. Soc. Am. Spec. Pap. 362, 

988 159–202. https://doi.org/10.1130/0-8137-2362-0.159

989 Moreira, J.L.P., Madeira, C.V., Gil, J.A., Machado, M.A.P., 2007. Bacia de 

990 Santos. Boletim de Geociencias da PETROBRAS, 15(2), 531-549.

991 Moulin, M., Aslanian, D., Unternehr, P., 2010. A new starting point for the South 

992 and Equatorial Atlantic Ocean. Earth-Science Rev. 98, 1–37. 

993 Mountney, N.P., Howell, J., Flint, S., Jerram, D.A., 1999. Climate, sediment 

994 supply and tectonics as controls on the deposition and preservation of the 

995 aeolian-fluvial Etjo Sandstone Formation, Namibia. Journal of the Geological 

996 Society of London 156, 771-777. 

997 Mountney, N.P., Howell, J., Flint, S., Jerram, D.A., 1998. Stratigraphic subdivision 

998 within the aeolian/fluvial Etjo Sandstone Formation, NW Namibia. Journal of 

999 African Earth Sciences 27: No 2, 175-192.

1000 Moura, J.A. 1987. Biocronoestratigrafia da seqüência não marinha do Cretáceo 

1001 Inferior da Bacia de Campos, Brasil: Ostracodes. In: CONGRESSO 

1002 BRASILEIRO DE PALEONTOLOGIA, 12, 1987, Rio de Janeiro. Anais... Rio de 

1003 Janeiro: Sociedade Brasileira de Paleontologia, v.2, p. 717-731.

1004 Neuhoff, P.S., Fridriksson, T., Arnorsson, S. and Bird, D.K., 1999. Porosity 

1005 evolution and mineral paragenesis during low-grade metamorphism of basaltic 

1006 lavas at Teigarhorn, eastern Iceland. American Journal of Science, 299(6), 

1007 pp.467-501.

1008 Neustrueva, I.Y. 1971. Sur la paléoécologie des ostracodes d’eau douce du 

Electronic copy available at: https://ssrn.com/abstract=4059018



40

1009 Permien supérieur et du Trias inférieur du Bassin houiller de 

1010 Kouznetsk. In: OERTLI, H.J. (ed.). Paléoécologie Des Ostracodes. Bulletin du 

1011 Centre de Recherches Pau-SNEA, Pau, p. 747–754.

1012 Neustrueva, I.Y. 1977. Ostracode biofacies in Paleozoic and Mesozoic lake 

1013 sediments of the U.S.S.R. In: DANIELOPOL, D.L. & LÖFFLER, H. 

1014 (eds.). Aspects of Ecology and Zoogeography of Recent and Fossil Ostracoda. 

1015 The Hague: Dr. W. Junk B. V. Publishers 1977, p. 451–458.

1016 North American Commission on Stratigraphic Nomenclature. (2005). North 

1017 American stratigraphic code (NASC). AAPG Bulletin, 89(11), 1547-1591.

1018 Ogg, J. G., Ogg, G., & Gradstein, F. M., 2016. A concise geologic time scale: 

1019 2016. Elsevier.

1020 Peate, D.W., 1997. The Paraná-Etendeka province. Geophys. Monogr. Ser. 100, 

1021 217–245. https://doi.org/10.1029/GM100p0217

1022 Petry, K., Jerram, D.A., Almeida, D.P.M., Zerfass, H., 2007. Volcanic-

1023 sedimentary features in the Serra Geral Fm., Paraná Basin, southern Brazil: 

1024 examples of dynamic lava-sediment interactions in an arid setting. Journal of 

1025 Volcanology and Geothermal Research 159, Issue 4, 313-325.

1026 Piccirillo, E.M., Melfi, A.J., 1988. The Mesozoic flood volcanism from the Paraná 

1027 Basin (Brazil): petrogenetic and geophysical aspects.

1028 Planke, S., Cerney, B., Bücker, C.J. and Nilsen, O., 1999. Alteration effects on 

1029 petrophysical properties of subaerial flood basalts: Site 990, Southeast 

1030 Greenland margin. In Proceedings of the Ocean Drilling Program Scientific 

1031 Results (Vol. 163, pp. 17-28). TX: Ocean Drilling Program College Station.

1032 Quirie, A.K., Schofield, N., Hartley, A., Hole, M.J., Archer, S.G., Underhill, J.R., 

1033 Watson, D. and Holford, S.P., 2019. The Rattray Volcanics: Mid-Jurassic fissure 

1034 volcanism in the UK Central North Sea. Journal of the Geological Society, 176(3), 

Electronic copy available at: https://ssrn.com/abstract=4059018



41

1035 pp.462-481.

1036 Reidel, S., Tolan, T., Camp, V., Poland, M. P., Garcia, M. O., Camp, V. E., & 

1037 Grunder, A. (2018). Columbia River Flood Basalt flow emplacement rates—Fast, 

1038 slow, or variable? Field Volcanology: A Tribute to the Distinguished Career of 

1039 Don Swanson: Geological Society of America Special Paper, 538, 1-19.

1040 Renne, P.R.R., Ernesto, M., Pacca, I.G.G., Coe, R.S.S., Glen, J.M.G.., Prevot, 

1041 M., Perrin, M., 1992. The Age of Paraná Flood Volcanism, Rifting of 

1042 Gondwanaland, and the Jurassic-Cretaceous Boundary. Science (80). 258, 975–

1043 979.

1044 Reynolds, P., Planke, S., Millett, J. M., Jerram, D. A., Trulsvik, M., Schofield, N., 

1045 Myklebust, R., 2017. Hydrothermal vent complexes offshore Northeast 

1046 Greenland: A potential role in driving the PETM. Earth and Planetary Science 

1047 Letters 467, 72-78.

1048 Rossetti, L., Lima, E.F., Waichel, B.L., Hole, M.J., Simões, M.S., Scherer, C.M.S., 

1049 2018. Lithostratigraphy and volcanology of the Serra Geral Group, Paraná-

1050 Etendeka Igneous Province in Southern Brazil: Towards a formal stratigraphical 

1051 framework. J. Volcanol. Geotherm. Res. 355, 98–114.

1052 Rossetti, L.M.M., Healy, D., Hole, M.J., Millett, J.M., de Lima, E.F., Jerram, D.A., 

1053 Rossetti, M.M.M., 2019. Evaluating petrophysical properties of volcano-

1054 sedimentary sequences: A case study in the Paraná-Etendeka Large Igneous 

1055 Province. Mar. Pet. Geol. 102, 638–656.

1056 Rowland, S. K. & Walker, G. P. L., 1990. Pahoeheo and aa in Hawaii: volumetric 

1057 flow rate controls the lava structure. Bulletin of Volcanology, 52, pp. 615–628.

1058 Schenato, F., Formoso, M. L. L., Dudoignon, P., Meunier, A., Proust, D., & Mas, 

1059 A., 2003. Alteration processes of a thick basaltic lava flow of the Paraná Basin 

1060 (Brazil): petrographic and mineralogical studies. Journal of South American Earth 

Electronic copy available at: https://ssrn.com/abstract=4059018



42

1061 Sciences, 16(5), 423-444.

1062 Scherer, C. M. S., 2000. Eolian dunes of the Botucatu Formation (Cretaceous) in 

1063 Southernmost Brazil: morphology and origin. Sedimentary Geology, v. 137, p. 63-

1064 84, 2000.

1065 Scherer, C. M., 2002. Preservation of aeolian genetic units by lava flows in the 

1066 Lower Cretaceous of Paraná Basin, Southern Brazil. Sedimentology, v. 49, p. 97-

1067 116.

1068 Schofield, N. & Jolley, D.W., 2013. Development of intra-basaltic lava-field 

1069 drainage systems within the Faroe–Shetland Basin. Petroleum Geoscience, 

1070 19(3), pp.273-288.

1071 Schutter, S. R., 2003. Hydrocarbon occurrence and exploration in and around 

1072 igneous rocks. Geological Society, London, Special Publications, 214(1), 7-33.

1073 Self, S., Keszthelyi, L. and Thordarson, T., 1998. The importance of pahoehoe’, 

1074 Annu. Rev. Earth Planet. Sci, 26, pp. 81–110.

1075 Senger, K., Millett, J., Planke, S., Ogata, K., Eide, C. H., Festøy, M., Galland, O., 

1076 Jerram, D. A., 2017. Effects of igneous intrusions on the petroleum system: a 

1077 review. First Break, 35(6).

1078 Skilling, I. P., White, J. D. L. and McPhie, J. (2002) ‘Peperite: A review of magma-

1079 sediment mingling’, Journal of Volcanology and Geothermal Research, 114, pp. 

1080 1–17. doi: 10.1016/S0377-0273(01)00278-5.

1081 Stanistreet, I. G. & Stollhofen, H. 1999. Onshore equivalents of the main Kudu 

1082 gas reservoir in Namibia, Geological Society, London, Special Publications, 

1083 volume 153, pages 345 – 365.

1084 Stica, J.M., Zalán, P.V., Ferrari, A.L., 2014. The evolution of rifting on the volcanic 

1085 margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka 

1086 LIP in the separation of Gondwana in the South Atlantic. Mar. Pet. Geol. 50, 1–

Electronic copy available at: https://ssrn.com/abstract=4059018



43

1087 21. 

1088 Thordarson, T., & Self, S. (1993). The Laki (Skaftár Fires) and Grímsvötn 

1089 eruptions in 1783–1785. Bulletin of Volcanology, 55(4), 233-263.

1090 Torsvik, T.H., Rousse, S., Labails, C., Smethurst, M.A., 2009. A new scheme for 

1091 the opening of the South Atlantic Ocean and the dissection of an Aptian salt 

1092 basin. Geophys. J. Int. 177, 1315–1333. https://doi.org/10.1111/j.1365-

1093 246X.2009.04137.

1094 Voigt, J.R., Hamilton, C.W., Scheidt, S.P., Münzer, U., Höskuldsson, Á., 

1095 Jónsdottir, I. and Thordarson, T., 2021. Geomorphological characterization of the 

1096 2014–2015 Holuhraun lava flow-field in Iceland. Journal of Volcanology and 

1097 Geothermal Research, p.107278.

1098 Vye-Brown, C., Self, S., & Barry, T. L., 2013. Architecture and emplacement of 

1099 flood basalt flow fields: case studies from the Columbia River Basalt Group, NW 

1100 USA. Bulletin of Volcanology, 75(3), 1-21.

1101 Waichel, B.L, Lima, E.F., Viana, A.R., Scherer, C.M., Bueno, G.V., Dutra, G., 

1102 2012. Stratigraphy and volcanic facies architecture of the Torres Syncline, 

1103 Southern Brazil, and its role in Understanding the Paraná-Etendeka Continental 

1104 Flood Basalt Province. Journal of Volcanology and Geothermal Research 

1105 216:74-82.

1106 Waichel, B. L., de Lima, E. F., Sommer, C. A., & Lubachesky, R., 2007. Peperite 

1107 formed by lava flows over sediments: An example from the central Paraná 

1108 Continental Flood Basalts, Brazil. Journal of Volcanology and Geothermal 

1109 Research, 159(4), pp. 343–354. 

1110 Waichel, B., Scherer, C., Frank, H., 2008. Basaltic lava flows covering active 

1111 aeolian dunes in the Paraná Basin in southern Brazil:  Features and emplacement 

1112 aspects. Journal   of Volcanology   and Geothermal Research.   171, 59–72. 

Electronic copy available at: https://ssrn.com/abstract=4059018



44

1113 Winter, W.R., Jahnert, R.J., França, A.B., 2007. Bacia de Campos. Bol. 

1114 Geociencias da Petrobras 15, 511–529.

1115 Yi, J., Wang, P., Gao, Y., Yao, R., Zhao, R. and Chen, C., 2016. Vesicle 

1116 distribution in basalt lava flow units in the Mesozoic rift basins of northeast China 

1117 and its application in gas reservoir prediction. Canadian Journal of Earth 

1118 Sciences, 53(1), pp.59-70.

1119 Zimanowski, B., Büttner, R., Lorenz, V., & Häfele, H. G. (1997). Fragmentation of 

1120 basaltic melt in the course of explosive volcanism. Journal of Geophysical 

1121 Research: Solid Earth, 102(B1), 803-814.

Electronic copy available at: https://ssrn.com/abstract=4059018


